FERMIL AB-PUB- 10-498-E 



Search for Randall-Sundrum Gravitons in the Diphoton Channel at CDF 

T. Aaltoncn,^^ B. Alvarez Gonzalez^, ^ S. Amerio,^^ D. Amidei,'^^ A. Anastassov,^^ A. Annovi/'^ 
J. Antos/2 G. ApoUinari/^ J. A. Appel/^ A. Apresyan,'^^ T. Arisawa,^*" A. Artikov," J. Asaadi,^^ 
W. Ashmanskas,^'^ B. Auerbach,^^ A. Aurisano,^^ F. Azfar,'*" W. Badgett,^^ A. Barbaro-Galtieri,^*^ 
V.E. Barnes,*^ B.A. BarnGtt,^^ p. Barria'^^''^ P. Bartos,^^ B&uce'"',^^ G. Bauer,^" F. Bedeschi,^'' 
D. Beecher,28 S. Behari,23 G. Bellettini''^'*4 J. Bellinger,^* D. Benjamin," A. Beretvas,!^ A. Bhatti,"*® 
M. Binkley*,i5 D. Bisello"'^,''! I. Bizjakfs,^^ K.R. Bland,^ B. Blumenfeld,23 A. Bocci,!^ A. Bodek,*^ 

D. Bortoletto,'**' J. Boudreau,^^ A. Boveia," B. Brau°,^^ L. Brigliadori^,*^ A. Brisuda/^ C. Bromberg,^^ 

E. Brucken,2i M. Bucciantonio''^44 J. Budagov/^ H.S. Budd,'^'' S. Budd,^^ K. Burkett,!^ G. Busetto'"',^! 
P. Bussey,!^ A. Buzatu,^! C. Calancha,^^ S. Camarda,^ M. Campanelli,^^ M. Campbell,^^ F. Canellii^,!^ 

A. Canepa,''^ B. Carls,22 D. Carlsniith,^^ R. Carosi,^'' S. Carrillo^l6 S. Carron/^ B. Casal,^ 
M. Casarsa,i5 A. Castro^6 P. Catastini,!^ D. Cauz,52 Cavaliere^^^-* M. Cavalli-Sforza,'* A. Cerri^,^^ 
L. Cerrito«,28 y.C. Chen/ M. Chertok/ G. Chiarelli,^^ G. Chlachidze,!^ F. Chlebana/^ K. Cho,^^ 
D. Chokheli," J.p. Chou,20 W.H. Chung,^^ Y.S. Chung,47 C.I. Ciobanu,^^ ^ Ciocci'^^^^ 

A. Clark,i8 G. Compostella'^'','*! M.E. Convery/^ J. Conway/ M.Corbo/^ Cordelli/^ C.A. Cox/ 
D.J. Cox/ F. Crescioli''^4'* C. Cuenca Almenar/^ J. Cuevas^9 R. Culbertson/^ D. Dagenhart/^ 
N. d'Ascenzo*/2 Datta/^ P. de Barbara/^ S. De Cecco/^ G. De Lorenzo/ M. Del^Orso''^''4 

C. Deluca/ L. Demortier/^ J. Bengal"* M. Deninno/ F. Devoto/^ M. d'Errico""/! A. Di Canto''^'^'' 

B. Di Ruzza/"* J.R. Dittmann/ M. D'Onofrio/^ S. Donati''^'''* P. Dong/^ M. Dorigo/^ T. Dorigo/^ 
K. Ebina/6 A. Elagin/^ A. Eppig/^ R. Erbacher/ D. Errede/^ S. Errede/^ N. Ershaidat^'/^ r, Eusebi/^ 

H.C. Fang/6 S. Farrington/° M. Feindt/^ J.P. Fernandez/^ C. Ferrazza'^'^/'' R. Field/*^ G. Flanagan'' /^ 

R. Forrest/ M.J. Frank/ M. Franklin/o J.C. Freeman/^ Y. Funakoshi/^ I. Furic/*^ M. Gallinaro/*^ 
J. Galyardt/o J.E. Garcia/*^ A.F. Garfinkel/^ P. Garosi^^*^ H. Gerberich/^ E. Gerchtein/^ S. Giagu'=^49 
V. Giakoumopoulou/ P. Giannetti/^ K. Gibson/^ CM. Ginsburg/^ N. Giokaris/ P. Giromini/^ 
M. Giunta/4 G. Giurgiu/^ V. Glagolev/^ D. Glenzinski/^ M. Gold/^ D. Goldin/i N. Goldschmidt/^ 
A. Golossanov/^ G. Gomez/ G. Gomez-Ceballos/" M. Goncharov/° O. Gonzalez/^ I. Gorelov/^ 
A.T. Goshaw/4 K. Goulianos/® A. Gresele/^ S. Grinstein/ C. Grosso-Pilcher/i R.C. Group/^ 
J. Guimaraes da Costa/° Z. Gunay-Unalan/^ C. Haber/^ S.R. Hahn/^ E. Halkiadakis/° A. Hamaguchi/^ 
J.Y. Han/^ F. Happacher/'' K. Hara/^ D. Hare/" M. Hare/" R.F. Harr/^ K. Hatakeyama/ C. Hays/° 
M. Heck/4 J. Heinrich/3 M. Herndon/^ S. Hewamanage/ D. Hidas/° A. Hooker/^ W. Hopkins^/^ 
D. Horn/'' S. Hon/ R.E. Hughes/'^ M. Hurwitz/^ U. Husemann/^ N. Hussain/^ M. Hussein/^ 
J. Huston/3 G. Introzzi/4 M. Iori'='=/9 a. Ivanov°/ E. James/^ D. Jang/" B. Jayatilaka/'' E.J. Jeon/^ 
M.K. Jha/ S. Jindariani/5 W. Johnson/ M. Jones/^ K.K. Joo/^ S.Y. Jun/" T.R. Junk/^ T. Kamon/^ 
P.E. Karchin/'^ Y. Kato"/^ W. Ketchum/i J. Keung/^ V. Khotilovich/i B. Kilminster/^ D.H. Kim/^ 
H.S. Kim/^ H.W. Kim/^ J.E. Kim/^ M.J. Kim/^ S.B. Kim/^ S.H. Kim/^ Y.K. Kim/^ N. Kimura/^ 
M. Kirby/5 S. Klimenko/^ K. Kondo/^ D.J. Kong/^ J. Konigsberg/^ A.V. Kotwal/" M. Kreps/^ 
J. KroU/3 D. Krop/i N. Krumnack'/ M. Kruse/* V. Krutelyov''/i T. Kuhr/" M. Kurata/^ S. Kwang/^ 
A.T. Laasanen/6 S. Lami/^ S. Lammel/^ M. Lancaster/*^ R.L. Lander/ K. Lannon"/"^ A. Lath/" 
G. Latino'^'^/^ j Lazzizzera/^ T. LeCompte/ E. Lee/^ H.S. Lee/^ J.S. Lee/^ S.W. Lee^^/i S. Leo''\'^^ 
S. Leone/4 J.D. Lewis/^ C.-J. Lin/^ J. Linacre/" M. Lindgren/^ E. Lipeles/^ A. Lister/*^ 
D.O. Litvintsev/5 C. Liu/^ Q. Liu/^ T. Liu/^ S. Lockwitz/^ N.S. Lockyer/^ A. Loginov/^ 

D. Lucchesi'"'/! J. Lueck/" P. Lujan/^ P. Lukens/^ G. Lungu/*^ J. Lys/^ R. Lysak/^ R. Madrak/^ 
K. Maeshima/^ K. Makhoul/" P. Maksimovic/^ S. Mahk/^ G. Manca^27 A. Manousakis-Katsikakis/ 

F. MargaroU/*^ C. Marino/^ M. Martinez/ R. Martinez-Ballarin/^ P. Mastrandrea/^ M. Mathis/^ 
M.E. Mattson/^ P. Mazzanti/ K.S. McFarland/^ P. Mclntyre/^ R. McNulty'/^ A. Mehta/^ P. Mehtala/^ 
A. Menzione/4 C. Mesropian/^ T. Miao/^ D. Miethcki/^ A. Mitra/ H. Miyake/^ S. Moed/" N. Moggi/ 
M.N. Mondragon'^/s C.S. Moon/^ R. Moore/^ M.J. Morello/^ J. Morlock/^ P. Movilla Fernandez/^ 
A. Mukherjee/5 Th. MuUer/^ P. Murat/^ M. Mussini^/ J. Nachtman"/^ Y. Nagai/^ J. Naganoma/*^ 
L Nakano/** A. Napier/" J. Nett/^ C. Neu/'^ M.S. Neubauer/^ J. Nielsen%26 l. Nodulman/ 



2 



O. Norniella,22 E. Nursc,^^ L. Oakcs,*" S.H. Oh," Y.D. Oh,^^ I. Oksuzian,^^ T. Okusawa,^^ R. Orava,^! 
L. Ortolan, S. Pagan Griso"",''^ C. Pagliarone,^^ E. Palencia-^,^ V. Papadimitriou,^^ A. A. Paramonov,^ 
J. Patrick,i5 G. Pauletta/-'^,^^ M. Paulini,!^ C. Paus,^^ D.E. Pellett,^ A. Penzo,^^ T.J. Phillips," 
G. Piacentino,^-* E. Pianori,''^ J. Pilot,^'^ K. Pitts,22 C. Plager,^ L. Pondrom,'"^** K. Potamianos,^^ 
O. Poukhov*,i3 F. Prokoshin^,!-'' A. Pronko.i-"^ F. Ptohos'',!^ E. Pucschcl,!" G. Punzi''^44 J. Purslcy,^^ 
A. Rahanian,"'''^ V. Raniakrishnan,'"'^ N. Ranjan,"'^ I. Redondo,^^ P. Renton,"'" M. Rescigno,^^ F. Rimondi^,^ 
L. Ristori4^l5 A. Robson,i9 T. Rodrigo,^ T. Rodriguez,^^ ^ Rogers,^^ S. Rom,^^ R. Roser,!^ M. Rossi,^^ 
F. Rubbo,i5 F. Ruffim'^^44 ^ ^imz.^ J. Russ,io V. Rusu,!^ A. Safonov,^! W.K. Sakumoto,^^ Y. Sakurai,^^ 
L. Santi^/,52 L. Sartori,^^ K. Sato,53 V. Saveliev*,'^^ a. Savoy-Navarro,42 P. Schlabach,!^ A. Schmidt,^^ 
E.E. Schmidt, 15 M.P. Schmidt* ,^9 M. Schmitt,^^ T. Schwarz,^ L. Scodellaro,^ A. Scribano'=^^* F. Scuri,^* 
A. Sedov,46 S. Seidel,35 Y. Sciya,^^ A. Scmcnov," F. Sforza*'^44 A. Sfyrla,22 S.Z. ShalhoutJ T. Shears,^^ 

P.P. Shcpard,''^ M. Shimojima*,-" S. Shiraishi," M. Shochct," I. Shreyber,^^ A. Simoncnko,^^ 
P. Sinervo,3i A. Sissakian*,!^ K. Sliwa,^'' J.R. Smith,"^ F.D. Snider,!^ A. Soha,!^ S. Somalwar,50 V. Sorin,"^ 
P. Squillacioti,!^ M. Stancari,!^ M. Stanitzki,59 R. St. Denis,^^ B. Stelzer,^! O. Stelzer-Chilton,^! 

D. Stentz,36 J. Strologas,^^ G.L. Stryckcr,32 y. Sudo,^^ ^ Sukhanov,!*' I. Suslov,!^ K. Takcmasa,'" 
Y. Takeuchi,53 j Xang," M. Tecchio,^^ RK. Teng,i J. ThomS,!^ J. Thome,i° G.A. Thompson,^^ 

E. Thomson,43 P. Ttito-Guzman,^^ S. Tkaczyk,!^ D. Toback,^! S. Tokar,!^ K. Tollefson,^^ T. Tomura,^^ 
D. Toneni,i5 S. Torre,^^ D. Torretta,!^ P. Totaro^/,'^^ m. Trovato'^'^,'''^ Y. Tu,*^ p Ukegawa,^^ s_ Uozumi,^^ 
A. Varganov,32 p Vazquez*^, G. Velev,!^ C. Vcllidis,^ M. Vidal,29 I. Vila,^ R. Vilar,'^ M. Vogcl,^^ 
G. Volpi''^'''' P. Wagner,43 R.L. Wagner,!^ T. Wakisaka,^^ R. Wallny,^ S.M. Wang,i A. Warburton,^! 
D. Waters,28 M. Weinberger,^! W.C. Wester III,^^ B. Whitehouse,^* D. Whiteson^*^ ^.B. Wicklund,^ 

E. Wicklund,i5 S. Wilbur," F. Wick,^^ H.H. Wimams,''^ J.S. Wilson,='^ P. Wilson,!^ B.L. Winer,^^ 
P. Wittichs,i5 S. Wolbers,i5 H. Wolfc,^^ T. Wright,32 X. Wu,!^ Z. Wu,^ K. Yamamoto,^^ J. Yamaoka," 

T. Yang,i5 U.K. YangP," Y.C. Yang,25 W.-M. Yao,^^ G.P. Yeh,!^ K. Yi™,!^ J. Yoh,^^ K. Yorita,^*^ 
T. YoshidaJ^s G.B. Yu," I. Yu,^^ S.S. Yu,^^ J.C. Yun^^ A. Zanetti,^^ Y. Zeng," and S. Zucchelh^^ 

(CDF Cohaborationt) 

^Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China 
^Argonne National Laboratory, Argonne, Illinois 60439, USA 
^University of Athens, 157 71 Athens, Greece 
^Institut de Fisica d'Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona) , Spain 

^Baylor University, Waco, Texas 76798, USA 
^Istituto Nazionale di Fisica Nucleare Bologna, 
^University of Bologna, 1-40127 Bologna, Italy 
"^University of California, Davis, Davis, California 95616, USA 
^University of California, Los Angeles, Los Angeles, California 90024, USA 
^Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain 
^"Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA 
Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA 
'^Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, O4O 01 Kosice, Slovakia 
''^ Joint Institute for Nuclear Research, RU-141980 Dubna, Russia 
'■''Duke University, Durham, North Carolina 27708, USA 
'^^ Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA 
University of Florida, Gainesville, Florida 32611, USA 
'^Laboratori Nazionali di FYascati, Istituto Nazionale di Fisica Nucleare, I-OOO44 FYascati, Italy 
University of Geneva, CH-1211 Geneva 4, Switzerland 
'^Glasgow University, Glasgow G12 8QQ, United Kingdom 
''^Harvard University, Cambridge, Massachusetts 02138, USA 
'"^^ Division of High Energy Physics, Department of Physics, 
University of Helsinki and Helsinki Institute of Physics, FIN-OOOI4, Helsinki, Finland 
University of Illinois, Urbana, Illinois 61801, USA 
^'^ The Johns Hopkins University, Baltimore, Maryland 21218, USA 
^^Institut fiir Experimentelle Keniphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany 
Center for High Energy Physics: Kyungpook National University, 
Daegu 702-701, Korea; Seoul National University, Seoul 151-742, 
Korea; Sungkyunkwan University, Suwon 440-746, 



3 



Korea; Korea Institute of Science and Technology Information, 
Daejeon 305-806, Korea; Chonnarn National University, Gwangju 500-757, 
Korea; Chonhuk National University, Jeonju 561-756, Korea 
^^Emest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA 
^''University of Liverpool, Liverpool L69 7ZE, United Kingdom 
University College London, London WCIE 6BT, United Kingdom 
^^Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain 
^"Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA 
'"institute of Particle Physics: McCill University, Montreal, 
Quebec, Canada II3A 2T8; Simon Eraser University, Burnaby, 
British Columbia, Canada V5A 1S6; University of Toronto, 
Toronto, Ontario, Canada M5S 1A7; and TRIUMF, 
Vancouver, British Columbia, Canada V6T 2 A3 
University of Michigan, Ann Arbor, Michigan 4-8109, USA 
Michigan State University, East Lansing, Michigan 48824, USA 
^^Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia 
University of New Mexico, Albuquerque, New Mexico 87131, USA 
^^Northwestern University, Evanston, Illinois 60208, USA 
^''The Ohio State University, Columbus, Ohio 43210, USA 
Okayama University, Okayama 700-8530, Japan 
Osaka City University, Osaka 588, Japan 
'''"University of Oxford, Oxford 0X1 3RII, United Kingdom 
^^Istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, 
University of Padova, 1-35131 Padova, Italy 
^^LPNHE, Universite Pierre et Marie Curie/IN2P3-CNRS, UMR7585, Paris, F-75252 France 
University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA 
^^Istituto Nazionale di Fisica Nucleare Pisa, University of Pisa, 
'^'^ University of Siena and ''''Scuola Normale Superiore, 1-56127 Pisa, Italy 
University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA 
'^^ Purdue University, West Lafayette, Indiana 4^907, USA 
^''University of Rochester, Rochester, New York 14627, USA 
^^The Rockefeller University, New York, New York 10065, USA 
^^Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1, 

'^'^ Sapienza Universita di Roma, 1-00185 Roma, Italy 
^"Rutgers University, Piscataway, New Jersey 08855, USA 
"Texas A&M University, College Station, Texas 77843, USA 
^^Istituto Nazionale di Fisica Nucleare Trieste/ Udine, 
I-34IOO Trieste, University of Trieste/ Udine, 1-33100 Udine, Italy 
University of Tsukuba, Tsukuba, Ibaraki 305, Japan 
Tufts University, Medford, Massachusetts 02155, USA 
University of Virginia, Charlottesville, VA 22906, USA 

^^Waseda University, Tokyo 169, Japan 
Wayne State University, Detroit, Michigan 48201, USA 
University of Wisconsin, Madison, Wisconsin 53706, USA 
^^Yale University, New Haven, Connecticut 06520, USA 

We report on a search for new particles in the diphoton channel using a data sample of pp collisions 
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The large disparity between the electroweak 
scale and the gravity scale (the Planck scale) is 
known as the hierarchyproblem. In the Randall- 
Sundrum (RS) model the hierarchy is gener- 
ated by introducing one extra spatial dimension. 
The 5-dimensional space-time is bounded by two 4- 
dimensional subspaces (or branes, short for mem- 
branes) . The standard model (SM) particles are con- 
fined to the "TeV" brane, located a.t (p — tt, while the 
Planck brane is located at </> = 0, where 4> is the an- 
gular coordinate parametrizing the extra dimension 
(0 < < 7r). Gravity is localized on the Planck 
brane but can propagate in the bulk. The appar- 
ent weakness of gravity arises from the small over- 
lap of the gravitational wave function with the TeV 
brane. The scale of physical phenomena on the TeV 
brane is generated from the Planck scale through a 
warp factor: A^r = Mpie^''^^'^, where A^r ~ TeV, 
Mpi = Mpi/y/Sn is the reduced Planck scale, k is 
the curvature scale of the extra dimension, and Tc is 
the compactification radius of the extra dimension. 
The hierarchy is reproduced if krc ~ 12. 

The compactification of the extra dimen- 
sion gives rise to a Kaluza-Klein (KK) tower of 
graviton states, the mass spectrum being to„ = 
Xn{k/Mpi)ATr, where Xn is the n*'' root of the first- 
order Bessel function, and the states couple with 
strength 1/A^. Two parameters determine gravi- 
ton couplings and widths: the constant k/Mpi and 
the mass of the first KK graviton excitation mi. We 
examine values in the range 0.01 < k/Mpi < 0.1 
since the values of k must be large enough to be 
consistent with the apparent weakness of gravity. 
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but small enough to prevent the theory from becom- 
ing non-perturbative |2i . The graviton decay modes 
are expected to produce distinctive final states: the 
diphoton state from s wave decays and the dilep- 
ton state from p wave decays. The spin-2 nature of 
the graviton favors search in the diphoton channel, 
where the branching ratio (4%) is twice that of any 
single dilepton channel (2%) (3|]. 

In this paper, we report on a search for the 
first KK graviton excitation of the RS model in the 
diphoton decay channel. We use 5.4 fb~^ of inte- 
grated luminosity collected by the CDF II detec- 
tor at the Fermilab Tevatron using pp collisions at 
~ 1.96 TeV between February 2002 and June 
2009. Existing lower mass limits on RS gravitons 
from the previous CDF analysis using data corre- 
sponding to 1.2 fb~^ of integrated luminosity in the 
diphot_on channel are 230 GeV/c^ and 850 GeV/c^ 
for k/Mpi = 0.01 and 0.1 respectively at 95% con- 
fidence level (C.L.) [i]. The most recent limits from 
the DO collaboration are from a combined dipho- 
ton and dielectron search using data corresponding 
to 5.4 fb"-'^ of integrated luminosity, with limits of 
560 GeV/c2 and 1050 GeV/c^ for k/Mpi = 0.01 and 
0.1 respectively (Hf. 

The CDF II detector has a cylindrical geome- 
try with forward-backward and azimuthal symme- 
try. It consists of a tracking system in a 1.4 T mag- 
netic field, coaxial with the beam, surrounded by 
calorimeters and muon detection chambers @ . The 
tracking system consists of a silicon tracker (SVX-II) 
and an open cell drift chamber (COT) H,^ COT 
covers the pseudorapidity range |?7| < 1.0 0|, and 
the silicon detector extends the tracking coverage to 
I77I < 2.0. The central and plug calorimeters [9| are 
sampling calorimeters that surround the COT and 
cover the range |ry| < 1.1 and 1.2 < I77I < 3.6, respec- 
tively. The calorimeters, consisting of electromag- 
netic (EM) and hadronic layers arranged in a pro- 
jective geometry, allow measurement of the "trans- 
verse energy" Et = Esin{9) Q. At the approximate 
electromagnetic shower maximum, the EM calorime- 
ters contain fine-grained detectors [l^l that measure 
the shower shape and centroid position in the two 
dimensions transverse to the shower development. 
Surrounding these detectors is a system of muon de- 
tectors [ll|. A three- level real-time event-selection 
system (trigger) filters events. 

The events used in this analysis are selected by 
at least one of four triggers. Two of them require two 
clusters of electromagnetic energy: one requires both 
clusters to have transverse energy Et > 12 GeV and 
be isolated in the calorimeter; the other requires the 
two clusters to have Et > 18 GeV but makes no 
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isolation requirement. To ensure very high trigger 
efhciency for large Et photons, events are also ac- 
cepted from two single photon triggers with no iso- 
lation requirements. One requires Et > 50 GeV, 
while the other requires Et > 70 GeV with relaxed 
requirements on the hadronic energy associated with 
clusters. The combination of these triggers is effec- 
tively 100% efficient for the kinematic region used 
in this search for diphoton events with an invariant 
mass above 100 GeV/c^. 

In the selected sample, each event is required 
to have at least two photon candidates. If there 
are more than two photon candidates, only the two 
photons with the highest Et are used. Both photons 
are required to be in the fiducial region of the central 
calorimeter (approximately in the region |r/| < 1.04). 
Each of the two photons is required to have an en- 
ergy cluster predominantly in the electromagnetic 
calorimeter portion with Et > 15 GeV and the pho- 
ton pair is required to have a reconstructed diphoton 
invariant mass greater than 30 GeV/c^. Both clus- 
ters are required to be in the fiducial region of the 
shower maximum detectors and to pass the follow- 
ing photon identification criteria: transverse shower 
profiles consistent with a single photon, additional 
transverse energy in the calorimeter in a cone of an- 
gular radius R — ^ (A^)^ + (ATy)^ = 0.4 around 
the photon candidate less than 2 GeV, and the scalar 
sum of the transverse momentum of the tracks in 
the same cone less than 2 GeV/c. Photons are re- 
quired to have isolated energy clusters in the shower 
maximum detector. 

The selected data consist of 47 920 events. 
The diphoton invariant mass distribution for 
these events, histogrammed in bins equivalent to 
the mass resolution (approximated by O.lS^/ro ® 
0.02m GeV/c2 [9^, where m is diphoton mass in 
GeV/c^) is shown in FigH] The highest mass pair 
occurs at 603 GeV/c^. 

The expected number of RS graviton events, as 
a function of graviton mass, is estimated using the 
PYTHIA6.226 event generator [I^, with CTEQ5L 
parton distribution functions (PDFs) 0, and pro- 
cessed b y th e GEANT3-based CDF II detector sim- 
ulation [IJ]. The photon selection efficiency de- 
termined from simulation is multiplied by a cor- 
rection factor which is derived as the ratio of the 
measured and simulated detector response to elec- 
trons from Z boson decays, since a pure sample 
of reconstructed photons is not available, and the 
characteristics of energy deposited in the calorime- 
ter by electrons are almost identical to those of pho- 
tons. The — >■ e+e" sample is also used to cali- 
brate the electromagnetic energy scale. The dipho- 
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FIG. 1: The diphoton invariant mass distribution of 
events, histogrammed in bins of approximately one unit 
of calorimeter mass resolution. The width of the hori- 
zontal bar represents the bin size. The bin size is 2.4 
(10.4) GeV/c^ at 771(77) = 100 (500) GeV/c^. 



ton energy scale in data and Monte Carlo is cor- 
rected by tuning the Z^ — )• e+e" mass peak to the 
world average value 15]. We also correct for ef- 
fects introduced by multiple interactions in the same 
beam crossing. The combined acceptance and se- 
lection efficiency for RS diphoton events increases 
from 0.12 ± O.Ol(stat) ± O.Ol(syst) for gravitons of 
mass 200 GeV/c^ to 0.33±0.01(stat)±0.03(syst) for 
gravitons of mass 1100 GeV/c^. The largest system- 
atic uncertainties on the expected number of gravi- 
ton events arise from the luminosity measurement 
(6%) and the uncertainty associated with the ini- 
tial and final state radiation (ISR/FSR). The uncer- 
tainty on the efficiency resulting from ISR/FSR is 
estimated to decrease from 8% for gravitons of mass 
200 GeV/c2 to 4% for gravitons of mass 1100 GeV/c^ 
by varying the parton shower parameters in pythia. 

There are two significant background compo- 
nents in the diphoton data sample. The first is SM 
diphoton production. We estimate the shape of this 
background with the diphox next-to-leading-order 
(NLO) Monte Carlo (l6| calculation. This program 
calculates the cross section for diphoton production 
in the hadronic collisions as a function of mass. Pre- 
vious studies show that diphox describes the shape 
of SM diphoton invariant mass spectrum well in the 
range used for this analysis (diphoton invariant mass 
above 100 GeV/c^) [ITj. The mass distribution of 
the DIPHOX calculation is fitted to a product of a 
polynomial and the sum of five exponential distri- 
butions in the range 30 GeV/c^ to 1.3 TeV/c^. The 
fitted invariant mass spectrum is then multiplied by 
an efficiency function derived from a SM diphoton 
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sample generated by PYTHIA and processed through 
the full detector simulation. The second background 
component, negligible except at the lowest masses, 
arises from the misidentification of one or two jets 
as photons. The invariant mass shape of this back- 
ground is parameterized with a product of a poly- 
nomial and the sum of two exponentials. This func- 
tional form is justified, but not fixed, by a study us- 
ing a sample of photon-like jets obtained by loosen- 
ing the photon selection criteria (transverse shower 
profile and isolation requirements) for both photon 
candidates, then removing the events which pass all 
the signal selection requirements. 

To find the most accurate description of the 
background invariant mass for setting limits, we fit a 
functional form which is a sum of the diphox shape 
and the photon-like jets shape to the invariant mass 
spectrum of the data. All the parameters in the 
functional form for the photon-like jets and the nor- 
malization of the SM diphoton background are al- 
lowed to vary in the fit. We fit the invariant mass 
spectrum in the range m-y^ > 100 GeV/c^ since RS 
gravitons have been excluded at the 95% C.L. in the 
lower mass region by previous searches. 

Figure [2] shows the observed mass spectrum 
with the fitted total background overlaid. The best 
fit SM background normalization is consistent with 
the DIPHOX calculation. The contribution of jets 
faking photons is highly suppressed at high dipho- 
ton masses since we restrict the amount of energy 
allowed in the isolation cone of each photon can- 
didate. Also shown in the figure is the systematic 
uncertainty on the total background, which is ap- 
proximately 20%. The systematic uncertainty arises 
predominantly from the choice of the scales used 
in the DiPHOX calculation for low mass diphoton 
events and from the choice of the PDFs for high 
mass diphoton events. The systematic uncertain- 
ties are taken to be completely correlated across all 
mass bins. Correlations in the systematic uncertain- 
ties between signal and background are taken into 
account. 

A model-independent search for an excess over 
SM predictions is performed, following the proce- 
dure outlined in [ISj. The search is optimized for 
a narrow resonance, but still retains sensitivity to 
other signals which would produce an excess over 
SM predictions. We scan a mass window over the 
mass region 100-700 GeV/c^. The mass window is 
approximately the width a narrow resonance would 
have if observed in the CDF detector. The prob- 
ability that the background could give rise to the 
observed number of events in the mass window, re- 
ferred to as the p value, is calculated using Poisson 
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FIG. 2: The diphoton invariant mass spectrum with 
the fitted total background overlaid. The points are the 
data. The width of the horizontal bar represents the 
bin size which is fixed at 5 GeV/c^. The dotted line 
shows the contribution from events where at least one 
selected photon is from a misidentified jet, and the solid 
line shows this background plus the diphox SM dipho- 
ton distribution. For clarity, the SM background is not 
shown in the figure since it is almost indistinguishable 
from the total background. The gray band shows the 
uncertainty on the total background. 

statistics. The uncertainty on the background es- 
timate is treated as a nuisance parameter with a 
Gaussian distribution. The lowest p value observed 
is 0.016 at 198 GeV/c^. The method is repeated 
for 200,000 simulated experiments produced using 
the background prediction. Approximately 60% of 
the simulated experiments give a minimum p value 
equal to or less than 0.016. Therefore we conclude 
the observed diphoton invariant mass spectrum is 
consistent with the background prediction. 

We use the CLs limit-setting technique fl^ to 
set the upper limits for the production cross section 
of RS gravitons times the branching fraction into 
the 77 final state using the diphoton mass spectrum. 
In this method, the data are compared against two 
models at a time. One is the null hypothesis TJq, 
which asserts that the SM diphoton production and 
misidentified jets describe the data, while the other 
is the signal at a fixed mass plus background hy- 
pothesis _ff 1 . The probability ratio 

is used to set the limits. The numerator and de- 
nominator are calculated by generating simulated 
experiments assuming hypothesis Ji\ and hypothesis 
Hq respectively and taking into account systematic 
uncertainties on signal and background predictions. 
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^xfobs) difference in the logarithm likehhood 

values calculated by comparing the data in the simu- 
lated (real) experiment against the prediction of Hq 
or Hi. The 95% C.L. upper limit corresponds to the 
cross section which gives CLg = 0.05. 

The result is shown in Fig. |31 as a function 
of graviton mass, along with the theoretical cross 
section times branching ratio for RS gravitons with 
k/Mpi set to 0.1, 0.07, 0.05, 0.025 and 0.01. The 
leading-order graviton production cross section cal- 
culated by PYTHIA [12j] is multiplied by a K-factor 
[13, decreasing from 1.54 at 200 GeV/c^ to 0.95 
at 1100 GeV/c^, to correct for diagrams at higher- 
order in as- The previous analysis ^i] used a mass- 
independent K-factor of 1.3, which leads to conser- 
vative limits at low masses and optimistic limits at 
high masses. From the limit on cr x Br(G — 77), 
lower mass bounds are derived for the first excited 
state of the RS graviton as a function of the pa- 
rameter k/Mpi. The 95% C.L. excluded region in 
the k/Mpi and graviton mass plane is displayed in 
Fig. m with the mass limits summarized in Table HI 
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FIG. 3: The 95% C.L. upper limit on the production 
cross section times branching fraction of an RS model 
graviton decaying to diphotons {a x Br{G — >■ 77)) as a 
function of graviton mass. Also shown are the predicted 
{ax Br) curves for k/Mpi = 0.01, 0.07, 0.05 and 0.1 



In conclusion, we have searched for evidence of 
an anomalous peak in the diphoton mass spectrum 
using data corresponding to an integrated luminos- 
ity of 5.4 fb"^ collected by the CDF II detector at 
the Fermilab Tevatron. We find no evidence of new 
physics. We evaluate one model of hypothetical new 
diphoton production and exclude RS gravitons be- 
low masses ranging from 459 to 963 GeV/c^, for a 
coupling parameter k/Mpi of 0.01 to 0.1, at the 95% 
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FIG. 4: The 95% C.L. excluded region in the plane of 
k/Mpi and graviton mass from 5.4 fb~^ of integrated 
luminosity compared with the expected limit and the 
previously published exclusion contour Q. 



TABLE I: The 95% C.L. lower limits on the mass of the 
first excited state of the RS graviton for the specified 
values of k/Mpi. 

k I'M PI Lower Mass Limit (GeV/c^) 
Ol 963 
0.07 899 
0.05 838 
0.025 704 
0.01 459 



C.L.. This results in a significant improvement, at 
high mass, over the previous best available limit in 
diphoton state from CDF. The limits are less strin- 
gent than those from DO using the same integrated 
luminosity [5] . Some contributing factors include the 
omission of the dielcctron data and the use of mass- 
dependent K-factors in this CDF analysis. 
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